Effects of indium as a surfactant for the growth of Si-doped Al 0.75 Ga 0.25 N epilayers by metal organic chemical vapor deposition have been studied. It was found that the use of indium as a surfactant improved the overall material quality of these epilayers, as evidenced by decreasing the ͑a͒ density of surface pits, ͑b͒ screw dislocation density, and ͑c͒ intensity of the deep level impurity transition with increasing indium flow rate. Hall effect measurements also yielded increased conductivity and electron concentration with increasing indium flow rate. The results suggested that indium as a surfactant counteracts the incorporation of defects responsible for self-compensation for n-type doping, namely, cation vacancies, in high Al-content AlGaN epilayers. A correlation between the intensity of the deep level impurity transition and screw dislocation density was also established. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.2890416͔ AlGaN alloys are recognized as promising materials for applications in optoelectronic devices in deep ultraviolet spectral range. Highly conductive ͑p-and n-types͒ AlGaN alloys are essential for many device applications. Although n-type AlN by Si doping with a Si energy level ranging from 86 to 250 meV has been reported, [1][2][3][4] further improvements in the material quality and electrical conductivity are still needed for many device applications. One of the major difficulties in obtaining highly conductive n-type Al-rich AlGaN alloys is the effect of trapping of electrons by cation vacancies and their complexes. Suppressing such intrinsic defects could significantly improve the conductivity and material quality of high Al-content AlGaN alloys.
Dislocations may also introduce acceptorlike centers through dangling bonds along the dislocation line. 11 Deepening of the Si impurity level as a function of Al composition is another reason as to why the electrical conductivity of n-type AlGaN layers decreases when the Al concentration increases. 12 Indium-silicon codoping in Al x Ga 1−x N ͑x ഛ 0.65͒ epilayers at relatively low growth temperatures ϳ920-950°C has been reported to result in higher electron concentrations and lower resistivities. 13, 14 In this work, we studied the effects of using indium as a surfactant for the epitaxial growth of Si-doped Al 0.75 Ga 0.25 N epilayers. Si-doped Al 0.75 Ga 0.25 N epilayers of about 0.8 m in thickness were grown on AlN / SiC templates by metal organic chemical vapor deposition ͑MOCVD͒. Undoped AlN epilayers with thickness of ϳ1 m were first grown on the c-plane ͑001͒ of SiC substrates as templates followed by the growth of 0.8 m Si-doped Al 0.75 Ga 0.25 N epilayers. Trimethylaluminum, trimethylgallium, trimethylindium ͑TMIn͒, and ammonia were used as sources for aluminum, gallium, indium, and nitrogen, respectively. For the silicon dopants, silane ͑SiH 4 ͒ was transported into the reactor. An undoped AlN epilayer template plays an important role to reduce dislocations in the subsequent Si doped AlGaN layer. 15 During the growth of Si-doped Al 0.75 Ga 0.25 N layer, TMIn was introduced into the gas stream. TMIn flow rate was intentionally varied as 0, 18, 24, and 30 ml/ min ͑which corresponds to 0, 1.6, 2.1, and 2.6 mol/ min͒ while keeping other growth conditions the same.
In addition to a significantly increased doping efficiency, it was found that the flow of indium during the growth also allows for the direct deposition of a crack-free 0.8 m thick Si-doped Al 0.75 Ga 0.25 N epilayer over a 1 m thick AlN template on c-plane SiC substrate. Atomic force microscopy ͑AFM͒ images clearly reveal that indium as a surfactant plays a role in eliminating the defects by reducing the surface pits density. Room temperature ͑RT͒ photoluminescence ͑PL͒ measurements 16 show a clear correlation between the emission intensity of the defect related transition and indium flow rate. X-ray diffraction ͑XRD͒ shows a correlation between indium flow rate and screw dislocation density through the reduction of the full width at half maximum ͑FWHM͒ of the ͑002͒ rocking curves. Figure 1 compares the AFM images of the surfaces of these epilayers, with the TMIn flow rates of ͑a͒ 0, ͑b͒ 18, ͑c͒ 24, and ͑d͒ 30 ml/ min. The measured root-mean-square roughness over the 10ϫ 10 m 2 scans ranges between 1.2 and 1.5 nm. The surface of the epilayer without TMIn flow in Fig. 1͑a͒ is characterized by high density of nanometerscale surface pits ͑dark spots͒. These surface pits are associated with the surface termination of threading dislocations. 17, 18 As seen in the AFM images from Figs. 1͑a͒ and 1͑d͒, increasing the TMIn flow rate reduces the density of surface pits. This could be a result of enhanced adatom mobility of group III atoms. Figure 2 compares the RT PL spectra corresponding to the series of epilayers shown in Fig. 1 . All samples were scanned from 2 to 6 eV to probe impurity related as well as band-edge transitions. The dominant band-edge emission peaks at 5.20 eV of these spectra are due to the localized exciton recombination in Al 0.75 Ga 0.25 N alloys. 19, 20 In addition to the band-edge emission peak, the emission spectra of all of these samples comprise a deep level impurity transition at 3.2 eV, which has been previously identified and was assigned to the recombination between shallow donors and cation vacancy complexes with two-negative charge, ͑V III -complex͒ 2− . 21 There is a clear correlation between the intensity of the ͑V III -complex͒ 2− related impurity emission and the TMIn flow rate. Increasing the TMIn flow rate decreases the intensity of the deep level impurity transition.
Hall effect measurements reveal that the conductivity and electron concentration of Si-doped Al 0.75 Ga 0.25 N increase with an increase of the TMIn flow rate. The mobility decreases slightly with increasing the TMIn flow rate. The electron concentration increase is directly related with reduced cation vacancy complexes. As shown in Fig. 2 , the intensity of the deep level impurity transition at 3.2 eV is also decreased with an increase of the TMIn flow rate, which suggests that indium as a surfactant counteracts the incorporation of ͑V III -complex͒ 2− defects responsible for self-compensation in high-Al content AlGaN layers. The slight reduction of the mobility could be due to the enhanced free electron concentration. The Hall effect measurement results are summarized in Table I . The XRD rocking curves of the ͑002͒ peaks were measured. The FWHM decreases as the TMIn flow rate increases, which indicates that the presence of TMIn improves the crystalline quality of Si-doped Al 0.75 Ga 0.25 N. In Fig. 3 , we summarize the effects of indium surfactant on optical, electrical, and crystalline quality of Si-Al 0.75 Ga 0.25 N epilayers. Improvement in the overall quality of the material is evident through the observations of enhanced free electron concentration ͓Fig. 3͑a͔͒, reduced impurity related transition ͓Fig. 3͑b͔͒, and reduced XRD line width ͓Fig. 3͑e͔͒.
From the FWHM of the ͑002͒ XRD peak, the screw dislocation density can be estimated. 22 The screw dislocation density ͑N screw ͒ was seen to reduce from 2.18ϫ 10 8 to 1.12 ϫ 10 8 cm −2 as the TMIn flow rate was increased from 0 to 30 ml/ min. Figure 4 plots the emission intensity of the deep level impurity transition at 3.2 eV as a function of N screw , which clearly shows that the emission intensity of the deep level impurity transition at 3.2 eV decreases with decreasing N screw . Since the deep level impurity transition at 3.2 eV is due to the recombination between shallow donors and ͑V III -complex͒ 2− , the result thus suggests that there is a strong correlation between the concentration of V III ͑or complex͒ and screw dislocation density. This type of correlation has been previously observed and discussed for GaN epilayers. [23] [24] [25] In summary, effects of using indium as a surfactant during the MOCVD growth of Si-doped Al 0.75 Ga 0.25 N epilayers were investigated. It was found that as the indium flow rate increases the density of surface pits decreases and the XRD FWHM of ͑002͒ peak is narrowed, indicating a reduction in screw dislocation density. The emission intensity of the deep level impurity transition associated with cation vacancy complex ͑V III -complex͒ 2− was found to decrease almost linearly with a decrease of the screw dislocation density. Moreover, 
